A new nuclear model is proposed that describes the cluster and the shell structures unifiedly. By the present model one can investigate characteristics of one-particle orbitals in clustering states and also polarizations of constituent clusters. The model has its base on the Hartree-Fock (H.F.) approximation for nuclear intrinsic states. The basis wave functions used in the present H.F. calculations are constructed from single-particle wave functions around each "cluster center", which can well describe possible large eccentric nuclear deformations in light nuclei. The model is analogous to the LCAO-MO-SCF method in the molecular physics. Numerical calculations are performed using an effective twonucleon force (Volkov No. 1) for the ground states of 8B e and 12 C nuclei, and interesting results are obtained about the stability of a-cluster structures. Polarizations are smallest at the equilibrium distance between a-clusters, determined by Brink's a-particle model. An artificial collapse or an extreme decomposition of the a-cluster structures brings about large polarizations. By those polarizations of constituent a-clusters themselves, the a-cluster structure recovers their density distributions. Comparisons of the results are made with those of two-center shell model, usual H. F. calculation and a-particle model. § I. Introduction Molecular viewpoints in nuclear structure were first introduced by Wheeler m 1937. 8 l He studied the usefulness and the limitations of the concept of molecular structure in the atomic nuclei; the division of the constituent particles into more or less well-defined groups. Furthermore he made qualitative discussions on the excitation modes associated with molecular structure and also proposed the method of the resonating groups as the mathematical description. Following him, simple analyses with a-particle model were applied to self-conjugated 4n nuclei. 4 l After about two decades Wildermuth and Kanellopoulos 5 l proposed a cluster model, making a careful reference to the oscillator shell model and performed a number of variational calculations. Smirnov et al. 6 l investigated physical properties of cluster wave functions, the extent of isolation of a-clusters, etc.
and one of the present authors (J. H.y> with a considerable success, and also an 16 0-core plus a-cluster model of 20 Ne and its neighboring nuclei by Saito, Endo and two of the present authors (J.H. and Y.A.) . 9 > From various experimental data Philips and Tombrello 10 l presented a possible interpretation of many nuclear levels as two-body clustering states in 1959. Recently Ikeda et al. 11 l proposed the viewpoints of molecule-like structure and considered the "threshold rule", the large moment of inertia and the large awidth as the criterion for the existence of molecular states. Horiuchi and Ikeda 12 l analyzed phenomenologically the two rotational bands (with the positive and negative parities) in 16 0 and 20 Ne from the viewpoints of molecule-like structure.
Since several years ago a number of experimental works have been made with the aim to study molecular structures of nuclei ; 18 > a-scatterings from light nuclei, a-transfer reactions, heavy-ion reactions, etc. These experiments revealed many rotational levels, 4-particle n-hole states, quasi-molecular resonances, etc. Furthermore the linear chain-like states of a-clusters 14 > were also found in the excited states of 16 0, whose existence was originally suggested by Morinaga 15 l in 1956 .
Recently Brink 16 l proposed a new treatment of a-particle model. His wave function is analogous to that in the Heitler-London approximation in the molecular physics. This approach is much easier than the resonating group method m taking into account the antisymmetry over all nucleons. By using Brink's aparticle model many calculations 17 > have been made concerning the stability of various geometrical configurations of a-clusters for several light nuclei. TamagakP8l pointed out the dual roles of the Pauli principle. The one is to form one-particle field through weakening the exchange repulsion between a-clusters and the other is to ensure the excited cluster states through strengthening it. Some authors 19 l investigated dynamical motion of a-particles by the generator coordinate method for three-a-particle model of 12 C. Takigawa and Arima 20 l investigated the effects of the single-particle spin-orbit force, by admixing lower symmetry components into Brink's a-particle model wave function with the permutation symmetry [ 4] . Extension was achieved by Horiuchi 21 l to the microscopic treatment of scattering between composite nuclei, whose usefulness was exemplified beautifully in the case of a-a scattering. But all the above investigations neglect polarizations of constituent clusters. Polarization effects may bring about a collapse of certain geometrical configurations. Then one of the purposes of the present paper is to solve this problem, i.e., to make it possible to iiwestigate the extent of polarizations of constituent clusters and their effects on the stability of a-cluster structures.
On the other hand the independent particle picture 22 l has been established without any doubts. Especially in (1s-Od) shell region the shell model calculations28l were performed extensively with remarkable successes, but simultaneously they clarified the existence of the states in low-energy spectra which could not be explained by the usual shell-model configurations. Halbert et aJ.i 4 > called these states "intruder states". Arima et aJ. 2~> proposed a weak coupling model for some of them, which have a 4-particle n-hole character. An effective interaction in their model must be assumed to be different from that used in the relevant region. Eichler et a1.' 8 > suggested a possible explanation of this situation in 19 F nucleus from the viewpoints of a-particle-like four-body correlation.' 7 > And then Kamimura et aJ.2 8 > investigated alpha-like spatial four-body correlation in· 30 Ne nucleus by employing the "vertically-trun cated-subspace shell model". They found that their model reproduces well the levels in the ground band with the use of the residual interaction much weaker than that used in the (sd) shell model. Brink's a-particle model was developed by Nemoto and Bando 29 > to apply to non-a nuclei. They found that alpha-clusterin g as well as overall antisymmetrization is important to reproduce the weak a-hole repulsion, which is responsible for the weak coupling feature in nuclei from 20 Ne to 18 0. Thus it seems to be necessary to modify or to extend the conventional shell model so as to include a-like correlation beyond the permutation symmetry [ 4] . The second purpose of proposing the present model is to extend the shell model so as to include the alpha-like spatial correlation, in other words, to describe the shell and the cluster structures unifiedly.
Our model has its base on the Hartree-Fock approximation for the nuclear intrinsic state as is usual in the conventional H.F. calculation. 10 > We, however, proceed in close contact with the cluster model in order to achieve the above two purposes. So H.F. orbitals are expanded in terms of somewhat unusual single-particle wave functions, i.e., the single-particle ones around each "clustercenter" which guarantees the possibility that a system may have a large deformation or a clustering structure. Up to the first term of the expansion, the total wave function of the model is exactly the same as that of Brink's a-particle model as shown later, and the components of other terms, which are constructed from higher orbitals at each "cluster center", represent just the polarization of constituent clusters. Then the model may be called a nuclear analogue of the LCAO-MO-SCF method, 81 > or a LCCO (linear combination of cluster orbital) model. Clearly there is an esential difference between the molecular and the nuclear systems. The latter has no center of forces such as atomic nuclei in the former. Nuclear clustering, however, is considered to be the manifestation of such a property that proper subgroups of nucleons in nuclei are also self-bound, that is, to be that of the self-saturation property of the nuclear system. Then it will be possible to investigate clustering phenomena by using the H. F. approximation.
Simplified version of the present model was already applied successfully by Kubodera and Suzuki 12 > to the a-d cluster structure in 8 Li. Qualitative discussions were made on 9 Be by Miyatake et al., 88 > employing a molecular orbital picture and using a phenomenologi cal nucleon-a interaction.
In § 2, a molecular orbital model (M.O. model) is presented. A general procedure is explained to construct a basis set under proper symmetry considerations. Remarks are also given about symmetry properties of H.F. equation, corresponding to those in the usual H. F. calculation, which are very well known.
In § 3, some details of the calculations, the relations between the a-particle model of Brink and the present M.O. model, and the results of binding energies and single-particle orditals are given. In § 4, stability of a-cluster structures is discussed, and interesting tendency of polarization effects is found. Results are compared with those of the a-particle model and with those of the usual H.F. calculation. In § 5, conclusions and some prospects are given. § 2. Molecular-orbital model A gross feature of clustering states is the nucleon-density localization that cluster models premise implicitly. Such density localization will be able to be shown by the ri.F.· approximation in the space of intrinsic states, with proper effective two-nucleon forces. In fact, it was shown by Ikeda 84 > that density localization can be obtained by the extensive H.F. calculations of a large basis set in the Cartesian coordinates for the case of linear chain structures of the aparticles. It is well remarked that the usual H.F. calculations cannot obtain such solutions corresponding to clustering states, where H.F. orbitals are expanded in terms of a limited subspace of one-center wave functions. In other words, this choice of basis functions, together with imposed symmetries, imposes naturally some restriction on the solutions that one can get. It is well known that the H.F. Hamiltonian does not necessarily possess the symmetries of the nuclear Hamiltonian. One can impose any of the so-called self-consistent symmetries.35> In the present model we usually impose the point group symmetries adopted in the a-particle model. 86 > This lowering of imposed symmetries from familiar continuous group ones to finite group ones is necessary to describe clustering structures or some eccentric deformations in light nuclei. This situation is analogous to the usual lowering from the spherical symmetry to the axial one in order to obtain nuclear deformations. Moreover we use many-centered wave functions as suitable ones to the symmetries adopted. In the following a procedure to construct a basis set is given by an example.
As a non-trivial example we take three-a-cluster structure of 12 C nucleus. An equilateral triangular configuration of three a-clusters (Fig. 1) seems to be stable as many calculations have shown. 17 >• 19 > Then we consider three points at the corners of an equilateral triangle as "cluster centers" and prepare a set of single particle functions around each point. We call these functions "local orbitals" or "cluster orbitals", in anlogy with atomic orbitals in the molecular physics, and express them, as an example, as I i; A): A single-particle wave function around the point A, where i specifies some quantum state. For convenience's sake we take harmonic oscillator wave functions as. the above single- In the viewpoint of molecule-like structure a mode1 wave function has a certain permutation symmetry because there exist identical clusters. Such a permutation symmetry corresponds to a point group symmetry in the intrinsic state. In the present example of three-a-cluster model of 13 C it is D 8,. symmetry. So it will be meaningful that single-particle wave functions are classified according to the irreducible representation of D 8,. point symmetry group. Especially in the case that the system has a "closed-shell" *' structure, the total wave function is invariant under operations of any elements of relevant group, so the space of occupied orbitals is invariant. Then as is well known, H.F. Hamiltonian is also invariant, and H.F. orbitals are specified exactly according to the irreducible representations . In general, H.F. Hamiltonian is not invariant, so one can examine to what extent the symmetry adopted in the a-particle model is conserved ..
The classification is made separately over the sets of "equivalent cluster orbitals". Equivalent cluster orbitals imply the cluster orbitals which are connected with each other by operations of elements of the relevant point group. For the present case, the equivalent orbitals are {IO;A), IO;B), IO;C)}: N=O, *> The " closed shell" does not mean the usual spherical closed shell but means the state in which the components of degenerate orbitals (the same irreducible representation) are all occupied, i.e., invariant with respect to any group operations. The degree of degeneracy is determined in the present model by the dimension of the irreducible representation of the point group adopted, not of rotation group. Then in the present model one can get one-particle levels with shell structures depending upon the adopted symmetry of the system. So the second purpose has been already accomplished by the framework of the present model if it can be put into practice. This will be proved later by showing several ex, amples. One can also get density localizations corresponding to some cluster structures if they are stable. This problem will be discussed in detail in § 4. § 3.
Details of calculations and results
Numerical calculations are performed under the assumption of the dumbbell geometry and the equilateral triangular geometry ( Fig. 1) for the ground states of 8 Be and 12 C respectively. The orthogonalized symmetry orbitals are given m Appendix A.
The two-body force used is Volkov No. 1 38 > with Majorana exchange mixture m=0.6:
where P[ 1 is the Majorana exchange operator and the depths are in MeV, the ranges in fm. This force gives right binding energies for 4 He and 16 0. It guarantees the nuclear saturation by repulsion in the odd states, whereas a real nuclear force is considered to gurantee it by its repulsive core in the S states as inferred from studies of nuclear matter. 39 > This problem was discussed in 8 Be and 12 C by Banda et al. 40 > They applied the reaction matrix theory to cluster states, employing the most truncated representation of the molecular orbitals introduced in the present paper, and obtained similar results in energy curves versus "relative-distance" parameter d with those of model calculation by use of an effective force.
The kinetic energy of the center-of-mass motion is subtracted approximately from the total Hamiltonian. The Hamiltonian used here is
where T is the sum of single-particle kinetic energy operators and V is the sum of two-body force (Volkov No. 1) and Tc.m. is defined as follows:
which is a main part of the kinetic energy of the c.m. motion, and the neglected part will give a small positive amount to the total binding energy. The permutation symmetry [ 4] is assumed in the present calculations. Spinand isospin-parts are easily treated. So H. F. calculations are made with respect to the space parts only. The wave functions of the harmonic oscillators at each " cluster center" are used as the space parts of basis functions. The set of basis wave functions employed in the present calculations includes cluster orbitals only up to the N = 1 oscillator states at each "cluster center" because the components with the N= 1 oscillator states are expected to exhaust the major part of polarizations. Furthermore the parameters of the effective force used in the present calculations are determined so as to give right binding energy of the a-particle in the (Os )' configuration. Then the effects of N = 2 single-particle states, etc., should be considered to be already included in the effective force. The method of evaluating the matrix elements of physical quantities with "local orbitals" or "cluster orbitals" are explained in Appendix B. The matrix elements of the kinetic energy, the interaction energy, etc., are also given in Appendix B. Trun-eating the cluster orbitals up to N = 1 oscillator shells, one has a 8 X 8 matrix for the H.F. Hamiltonian in the case of 8 Be. From the symmetry consideration of the system (Cooh), the 8 X 8 matrix can be reduced to two 2 X 2 matrices for one-dimensional representations (!Ju, !J,.) and four 1 X 1 matrices for purely unoccupied orbitals. In the case of 12 C, the 12 X 12 matrix can be reduced to a 2 X 2 and two 3 X 3 matrices for the one-dimensional (at') and two-dimensional (e') representations respectively, and four 1 X 1 matrices for purely unoccupied orbitals. This choice of basis set, however, seems to be enough to see the extent of polarizations from the results of the present calculations as shown later.
Before proceeding to discussions of numerical results, we would like to see the relation between Brink's a-particle model and the molecular-orbital model. In Brink's a-particle model each geometrical point assumed indicates an average position of the center-of-mass of each a-cluster. In the molecular-orbital model, that is not always the case, and in general those points are only parameters which specify the basis functions of H.F. calculations. In the case when the set of basis is truncated into as small a space as possible, that is only into the (Os) shell at. each "center", but, no H. F. self-consistent procedure is included, because the number of the occupied orbitals is the same as that of the basis functions available. It is easily shown that the total wave function (Slater determinant) constructed from such truncated H.F. orbitals is exactly the same as that of Brink's a-particle model. Therefore Brink's a-particle model corresponds to the most extremely truncated case of the present model. Then the molecularorbital model offers a framework which makes it possible to investigate polarizations or stability of a-clusters in nuclei. This is one of our purposes.
The above case is a trivial one where H.F. Hamiltonian is invariant with respect to the symmetry operations of the point group adopted in the a-particle model. It is well known that if the total wave function in the a-particle model are taken as a starting one in H.F. calculations, the symmetry of the a-particle model is conserved in all the steps of iterations, and the resultant H.F. wave function has the same symmetry. 85 >• 86 l The present calculations are started by assuming that the trial H.F. solution is given by Brink's a-particle model, so the breaking of the symmetry is not yet examined.
In the present calculations the size parameter of a-clusters or of harmonic oscillator functions at each point is fixed equal to that of the free a-particles, 41 l i.e., b = ../hj Mw = 1.31 fm. Binding energy curves versus the "distance" parameter d are shown in Figs. 2 and 3 for 8 Be and 12 C, together with those of the aparticle modeL Polarizations of the a-particles, or admixtures of the (Op) shell components into the (Os) shell ones yield energy gain of about 1.7 MeV and 7 MeV for 8 Be and 12 C respectively, compared with maximum binding energies in Brink's a-particle model. Large energy gain in the equilateral triangular geometry indicates that three-a-particle model is not so good for the ground state of 13 C as two a-particle model for 8 Be. The most striking feature is that the 
12C~
-eo binding energy curves are almost flat over the relatively wide range of "distance" parameter between a-clusters in both cases. This is the reason why the extremely truncated basis set is enough as mentioned before; because a flat line is realized by a complete set of basis functions. These results show the absence of the energy-minimizing point of the "distance" parameter between a-clusters in Brink's a-particle model. Then it seems at the first glance to indicate that the localization of a-clusters, separated from each other, disappears and a-cluster structures are unstable against collapse due to the .agency of the polarizations of constituent clusters. But the fact is not so simple. It should be noticed that the "distance" parameter in Brink's a-particle model turns out only one of parameters included in the basis functions and does not always mean the relative distance between the c.m.'s of a-clusters in the molecular-orbital model. Detailed discussions will be given in the next section about this point, i.e., about the stability problem.
As for characters of one-particle levels, the present model produces the shell structures corresponding to the point group symmetries adopted, analogous to those corresponding to the usual axial symmetry. Adoption of such lower symmetries is necessary to describe cluster structures, as mentioned in § 2. In the present examples of 8 Be and 13 C, the model predicts the shell structures similar to those of the usual one-center shell model at smaller d/b values and to those of the classical a-particle model at larger ones. For the equilateral triangular geometry of three a-clusters, one has Dan symmetry, which characterizes three occupied orbitals; one of which belongs to one-dimensional representation (a'), and others are degenerate and belong to two-dimensional representation (e'). This situation is consistent with (p, 2p) experiments. 42 > The energies of these orbitals are shown in Fig. 5 , together with those of the unoccupied orbitals. For the dumbbell geometry of 8 Be, one has the C,.,,. symmetry, which labells two occupied orbitals as gerade and ungerade. "Gerade" implies to be even under parity inversion and "ungerade" does odd. The difference in energies between these two occupied orbitals depends on the "relative-distance" parameter d as shown in Fig. 4 , especially in the a-particle model. This value is somewhat smaller at d=dmin (energy-minimizing value of the parameter d in Brink's a-particle model) than at shell-model limit d = 0. This fact seems to be responsible for the deviation at 9 Be from the systematics of (p, 2p) separation energies, although a definite conclusion must be drawn after careful studies. The wave functions of the present calculation are compared with those of Kubodera and Ikeda 43 > in Fig. 6 . They solved one-particle states in dispherical potential. The results of the present simple calculation are almost the same as those of them.
Another characteristics of one-particle levels is the presence of the almost degenerate unoccupied orbitals near the energy-minimizing distance between two a-particles in the case of 8 Be as seen in Fig. 4 . This fact will possibly explain 
1 The problem of the stability
Since the beginning of the history of cluster-structure study in the atomic nuclei, effects of polarizations of constituent clusters have never been investigated with a very few exceptions of special cases.'~> Usually this is the case with many calculations using the method of resonating groups and also for those using Brink's a-particle model, which have recently been performed concerning stability of some a-cluster geometrical configurations; One of our aims is to examine this problem of the stability of cluster structures under the condition that a cluster can be polarized by an influence of other clusters in the nucleus.
In the preceding section, one of the striking results is that binding energies for 8 Be and 12 C are nearly constant against the variation of the "relative-distance" parameter d over the wide range (Figs. 2, 3) . It was also noticed there that the "relative-distance" parameter d does not always mean the actual relative distance between a-clusters in our model. For the inspection of the stability of aclusters it will be useful to observe the masscdensity distributions. The density distributions are calculated at d=dmin and at both sides of dmin• for the solutions of the present calculations and also for the wave functions of Brink's a-particle model. A surprising tendency is found to be present in both cases of 8 Be and 12 C from the observation of these distributions, as discussed in the following. Overlapping between the wave functions is calculated for the confirmation of this tendency. The expectation values of the root-mean-square radius are also calculated, together with those of the mass multipole moments. 
2 The dumbbell geometry of two a-clusters for aBe
In Brink's a-particle model the binding energy is minimum at d=dmin~3.0 fm. Then comparisons are made among at d = 2.0, 3.0 and 4.0 fm. The massdensity distributions on the plane including the symmetry axis (z-axis) are shown in Fig. 7 , where "D2 ", etc., mean "at d = 2.0 fm ", etc., and "A" and "B" mean "the a-particle model", "the molecular-orb ital model", respectively. The numbers associated with contours are the. normalized densities. The normalization constant is 0.136 which is the value of the density at the origin calculated by Brink's a-particle model with d = 3.0 fm. The distribution of the molecularorbital model with d= 3.0 fm (D3B) is nearly the same as that of the a-particle model with d = 3.0 fm (D3A) except for only slight decreases at the points with a higher density. This fact means that a-clusters do hardly polarize at d = 3.0 fm ~ dmin in aBe. On the contrary, at both sides of d~dmim i.e., at d = 2.0 fm and d=4.0 fm, the distributions of the molecular-orb ital model (D2B, D4B) are appreciably different from those of the a-particle model (D2A, D4A). The present molecular-orb ital calculations are found to modify the a-particle model wave functions, so as to separate two a-clusters from each other at d = 2.0 fm and so as to make them contact at d=4.0 fm. As a result three distributions of the molecular-orb ital calculations (D2B, D3B, D4B) become very similar to each other in contrast with those of the a-particle model ones (D2A, D3A, D4A), which are apparently different from each other.
This tendency can be also seen more clearly in Fig. 8 , where the density distributions along z-axis are shown. Three solid lines (results of the M.O. model) are very similar to each other, whereas three broken lines (results of the a-particle model) are different apparently from each other. Then polarizations of a-clusters are smallest at the minimum distance dmin of the a-particle model, compared with those on both sides of dmin· It is striking that the larger polarizations on both sides of dmin act as reproducing the density distribution of the a-particle model with d~ dmin· Then the constant binding energy against the variation of d, shown in Fig. 2 should be understood not due to a collapse of the a-cluster structure for aBe, but due to the very fact that our H.F. calculations result in similar wave functions at relatively wide range of d. It is interesting that Table I . The overlapping of the total wave functions are listed for SBe. Comparisons can be made between at d=3.0 fm;;;dmln and on both sides of dm10• The second line gives the measures of polarizations of two a-clusters. The third line gives the measures of the similarity between the wave functions obtained at d;;;dm1n and on both sides of dmln· In the fourth line are given the corresponding overlapping of the a-particle wave functions for comparison. we have obtained the stability of a-cluster structure through the agency of polarizations of a-clusters themselves. This tendency is confirmed by the similarity of the wave functions which can be seen by calculating the overlapping between them. We show in Table I 
3 The equilateral triangular geometry of three a-clusters for 12 C
Similar situations occur also in the case for 12 C. In the a-particle model dmin ~2.0 fm. We show in Fig. 11 the density destributions at d= 1.0, 2.0 and 3.0 fm, on the plane perpendicular to the symmetry axis (z-axis). They are nor- 
malized so that the density at the ongm of the a-particle model at d = 2.0 fm becomes 1.000 (it is actually equal to 0.203). Three density distributions calculated from the molecular-orbital model wave functions (D1B, D2B, D3B) are very similar to each other, in contrast with those of the a-particle model (D1A, D2A, D3A), which are apparently different from each other. This tendency can be also seen in Fig. 12 , where the density distributions along y-axis are shown. Three solid lines are very similar to each other, whereas three broken lines are quite different from each other. Then it can be concluded that the same tendency as in 8 Be exists also in the case of threea-particle model for 12 C concerning the agency of polarizations of a-clusters in the nucleus. ant wave functions. In Table II , the quantities in 12 C corresponding to those in Table I are listed for d = 1.0, 2.0 and 3.0 fro. Figures 13 and 14 show the expectation values of the r.m.s. radius and those of the mass-quadrupole moment respectively, together with those of mass Qs,s-moment defined by Eichler and Faessler. 46 > It is, however, worth while to notice that in our H. F. calculation of 12 C the modification of the a-particle model wave function even at d = 2.0 fro~ dmin is somewhat larger than the case for 8 Be at a~ dmin· It can be seen from the comparison between the distributions D2A and D2B in Fig. 11 where we see that the densities at the middle of two a-clusters are raised up, as if a-clusters joined hands with each other. This difference between 8 Be and 12 C is readily seen from the comparison of overlapping <p-M.O. ca~ dmin) I p-a ca~ dmin) > in the case of 8 Be with that in 12 C, which are listed in the second lines of Table I and Table II . The overlapping of the total wave functions are listed for 12C. The quantities are the same as those in Table I , except that dm1n;;;2.0 fm, and then comparisons are made between at d=2.0 fm and on both sides of dmln· the Q3, 3-moment is not a good measure of mass concentration. Although the definite conclusion on the degree of clusterization in 12 C should be drawn after more extensive investigations are made, taking care of two-body forces used, from the above two sides (one from the usual shell model, the other from the a-cluster model), we will be able to expect that the results obtained in the present calculations are rather good because of the independence of the binding energy of parameter d over the wide range, which may mean that the set of our basis functions is good enough. § 5. Conclusions
We have found that the molecular-orbital model is numerically feasible. Hence we have had a new unified understanding of cluster and shell structures in light nuclei. Moreover, we have had a new useful framework for investigations of clustering or molecular structures, especially of the stability of a-cluster structures in. light nuclei.
As for the numerical results, it has been shown that the two a-cluster structure in 8 Be is found to be extremely stable, that is, polarizations are very small at energy minimum distance of the a-particle model. An artificial collapse of taking d smaller than dmin naturally brings about larger polarizations of a-clusters and their effects surprisingly result in the recovery of the very density distribution of the a-particle model at a~dmin· This tendency does also exist in the case of the three a-cluster structure in the ground state of 12 C. The a-particle model of 12 C, however, should be considered to be not so good as that of 8 Be as it stands, because polarizations of a-clusters at d = 2.0 fm ~ dmin in 12 C are larger than those in 8 Be, although the mass concentration does persist evidently. The fact that rather small basis space seems to be enough means the importance of both the symmetry and the basis functions adopted.
We can easily apply this model to odd-A nuclei, where we can hope that there exist characteristic single-particle orbitals whose energies depend on the degree of clusterization. In the present calculations there exist nearly degenerate !J= o+ and !J= 1-unoccupied orbitals (neglecting the nucleon spin) in the two-aparticle model of 8 Be, where SJ is an orbital angular momentum projection along the symmetry axis, one of which is lowered in energy by the clusterization of 8 Be core. This is an interesting fact in connection with the structure study of 9 Be. The corresponding fact may occur in 13 C and 18 N or 17 
Appendix A
According to the viewpoints of molecule-like structure, model wave functions which describe several identical clusters are often taken up. In such cases one must take into account some symmetry in the total wave function, corresponding to the statistics of the clusters involved. The total wave function of a-particle model, in any versions of it, should be symmetrized with respect to a-particles. The symmetrization between a-particles is easily accomplished by assuming the suitable geometry in the nuclear intrinsic state. The identity of a-particles turns out to be the identity of the geometrical points where a-particles are set. The latter identity is just the symmetry of the geometry. In general the symmetry of a geometry or a body is considered by the symmetry group of the geometry or the body. The symmetry group is defined by the set of symmetry transformations which preserve the distances between all pairs of points of the geometry or the body and bring the geometry or the body into coincidence with itself. For a finite system these transformation are all built up from the following two fundamental types: (1) Rotation through a definite angle about some axis and (2) Mirror reflection in a plane. The symmetry of the total wave function required in a-particle model can be fulfilled by making it belong to the complete symmetric irreducible representation of the relevant symmetry group. Thus it is very useful to classify single-particle wave functions according to the irreducible representations of the symmetry group assumed for the total system. Such classification is also desirable from the physical picture that nucloens move in the field with the symmetry of the total system.
The orthogonalized symmetry orbitals used in the present calculations are given for 8 Be and 12 C. They include cluster orbitals up to N = 1 oscillator shell at each "cluster center". The dumbbell geometry for 8 
Be
It may be possible that the orbitals are classified by the quantum numbers of parity and angular-momentum projection, but they are classified according to the usual notation in the diatomic molecule. These two labelings are of course equivalent. group. The group D3,. is defined by two kinds of symmetry axes and one kind of symmetry plane :
IO"a(Os)
(1) An axis of symmetry of third order (C3), (2) an axis of symmetry of second order perpendicular to third order one (U2), (3) a horizontal plane of symmetry passing through the three axes of second order (0",.).
The number of the second-order axes become three due to the presence of the third order axis, and three vertical planes automatically appear, each of which passes through the vertical axis and one of the horizontal axes. For the convenience the character table are given in the following:
At'' 
The diagonalizations in the present H. F. calculations are made for the matrices whose elements are labeled by the orbitals belonging to the same irreducible representations.
Appendix B
In our molecular-orbital model matrix elements must be calculated with "cluster orbitals" or single-particle wave functions around various "cluster centers". As the single-particle wave functions, we adopt the harmonic oscillator ones. Then we consider the method of evaluating matrix elements with the harmonic oscillator functions at various "cluster centers". These matrix elements are called "multicenter integrals" in the molecular physics and many devices' 8 > of evaluations have already been made in that field. We introduce one method which we consider as the simplest. Integrals for the (Os) orbitals of the kinetic energy, etc., are very simple and many cluster-structure studies have already been made by using the formula of these integrals. 16 > The problem is evaluations of integrals for higher orbitals. It seems simpler to evaluate in the Cartesian coordinates than in the spherical coordinates. In the Cartesian coordinates higher orbitals are, as is well known, Hermite polynomials multiplied by gaussians. Then we can simply generate higher orbitals, for example, /x; A)~ ( x~A,) ·exp{-2~2 (r-AY}. 
where n3:Cn.,' is a binomial coefficient and the summation over n,' must be made under the condition that n,-n,' is even. In the following the formula for the matrix elements of the overlap, the kinetic energy and the potential energy are given only in one direction, that is, x-direction. The suffix x, however, is dropped in all the parameter coordinates in order to avoid the complexity. The matrix elements in the other directions, of course, have the same forms. Two-body interaction is assumed to have a gaussian radial form, which is conveniently separable to x-, y-, z-directions. 
where the summation over (l') indicates the summations over l', m', n', s' under the conditions that l-l', etc., is even and the summation over (l") does the summation over l", m", n", s".
